Drought is one of the most devastating effects that severely reduce plant growth and development worldwide. In recent years, the availability of a reference Paulownia genome sequence has made it easier to explore gene expression, transcriptional regulation, and posttranscriptional regulation in Paulownia species. Here, we combined the analyses of the transcriptome, small RNAs, and degradome of Paulownia tomentosa seedlings to generate a comprehensive resource to describe the links between key regulatory miRNA-target gene pairs and drought stress. A total of 22,904 differentially expressed genes, 2073 differentially expressed miRNAs, and 198 target genes were identified by deep sequencing. Gene ontology function and KEGG pathway analyses of the differentially expressed genes and the target genes of the differentially expressed miRNAs revealed that momilactone A synthase, 14-3-3 protein, serine/threonine-protein kinase CTR1, and polyphenol oxidase, as well as alternative splicing, were associated directly or indirectly with drought stress in P. tomentosa. Our results will help to pave the way for further genomic studies, not only on P. tomentosa but also on other plants in family Paulowniaceae.
Introduction
On a global scale, together with coincident high temperature and radiation, drought (assumed to be soil and/or atmospheric water deficit) is considered to be one of the most important environmental stresses that limit plant survival and crop productivity in arid and semiarid regions (Boyer 1982) . While plants are sessile organisms, they are equipped with sophisticated stressresponsive mechanisms to circumvent drought stress (Anjum et al. 2011; Duan et al. 2007 ). Paulownia is a perennial, deciduous tree indigenous to China, which has been planted in many countries worldwide, except Antarctica (Hall 2008) . Paulownia is often grown in regions where irrigation water is limited or the soil is salinized (Ipekci and Gozukirmizi 2003) . Because of its deep root system (Doumett et al. 2008) , Paulownia can combine enhanced water acquisition with minimization of water loss by restraining transpiration. Polyploidy, or the duplication of entire genomes, is the main driving force of plant evolution (Masterson 1994) . It was estimated that 31% of fern speciation events and 15% of angiosperm events were accompanied by ploidy increasing (Wood et al. 2009 ). Autotetraploid Paulownia tomentosa obtained from its diploid via colchicines has been revealed to be generally superior to its progenitor in better timber quality and higher stress resistance Fan et al. 2015; Fan et al. 2016b; Fan et al. 2007 ). However, the genetic basis of tolerance of Paulownia to drought stress is not sufficiently clear despite strong demand for their cultivation in drought-prone environments.
Drought stress usually causes oxidative stress due to decreased stomatal conductivity, which leads to over-reduction Haifang Liu and Zhenli Zhao are co-first authors.
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Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11295-017-1211-3) contains supplementary material, which is available to authorized users. of the photosynthetic electron chain (Ahmed et al. 2009 ) and high formation of reactive oxygen species (ROS) in the electron transport systems in chloroplasts and mitochondria (Fu and Huang 2001) . ROS, which include superoxide (O 2ˉ) , hydroxyl free radical (HOˉ), hydrogen peroxide (H 2 O 2 ), alkoxyl radical (RO·), and singlet oxygen ( 1 O 2 ), have been proposed as signaling molecules that regulate many different processes in plants such as growth, development, responses to biotic and abiotic environmental stimuli, and programmed cell death (Apel and Hirt 2004) . However, at high concentrations, ROS can disrupt normal metabolism through oxidative damage to proteins, lipids, and nucleic acids (Fridovich 1986 ). The toxic superoxide radical has a half-life of less than 1 s and is usually rapidly dismutated by superoxide dismutase (SOD) to H 2 O 2 , a product that is relatively stable and can be detoxified by peroxidase (POD) and catalase (CAT). Some ROS are highly toxic and rapidly detoxified by both enzymatic and nonenzymatic mechanisms. The non-enzymatic antioxidant mechanisms include α-tocopherol (α-toc), β-carotenes, ascorbic acid (AA), and reduced glutathione (GSH), and the enzymatic mechanisms include SOD, CAT, POD, ascorbate peroxidase (APX), glutathione reductase (GR), and polyphenol oxidase (PPO) (Prochazkova et al. 2001) . Thus, plants regulate their response to water deficit through a complex mechanism. At the same time, drought stress has also induced a series of morphological, physiological, biochemical, and molecular response (such as crop growth and yield, nutrient relations, water relations, assimilate partitioning, photosynthesis, and respiration) in plants (Farooq et al. 2009 ).
Recently, the ever-accelerated updating of sequencing platforms has made it possible to conduct massive association analyses of both small RNAs and mRNAs in non-model plants (Mutz et al. 2013 ). Although we previously reported genome-wide mRNA and microRNA expression profiles of P. tomentosa under drought stress based on transcriptome sequencing Dong et al. 2014 ), a more detailed comparative analysis is required to further elucidate the mechanisms underlying the drought response and adaptation. Now that the entire genome of Paulownia fortunei has been sequenced (http://paulownia.genomics.cn/page/species/index. jsp), it is easier to systematically analyze gene expression and transcriptional and posttranscriptional regulation in diploid and autotetraploid P. tomentosa. In this study, we combined transcriptomics, small RNAs (sRNAs), and degradome analyses to generate a comprehensive resource for in-depth analyses of the drought-responsive mechanisms of diploid and autotetraploid P. tomentosa using the P. fortunei genome as the reference. The result will provide valuable information about molecular mechanisms involved in drought tolerance and help to improve the genetic engineering of droughttolerant Paulownia. To the best of our knowledge, this is the first report to relate transcripts, miRNAs, and the degradome of P. tomentosa under drought stress to a reference Paulownia genome.
Materials and methods

Plant materials and drought stress treatment
All the biological materials were derived by embryogenesis and were obtained from the Institute of Paulownia, Henan Agricultural University, Zhengzhou, Henan Province, China. The tissue culture plantlets of diploid (PT2) and autotetraploid P. tomentosa (PT4) were cultured at 25 ± 2°C under a 16-h/ 8-h day/night cycle with irradiance of 130 μmol m −2 s −1 for 30 days before being clipped from the roots. Test tube plantlets with the same growing consistency were planted into nutritive bowls containing normal garden soil for another 30 days. Then, seedlings with the same crown size and height were transferred individually into nutrition pots containing 3 kg of mature soil with trays underneath. The plants were housed in an outdoor nursery at random before being exposed to drought stress. After 50 days, uniformly grown seedlings were subjected to drought conditions in a water control experiment according to the previous method (Zhang et al. 2013b ). Three repetitions were set up. Drought treatments have been described as mild (55% relative soil water content), moderate (40% relative soil water content), and severe (25% relative soil water content), with 75% relative soil water content used as the control. In this study, the diploid and tetraploid P. tomentosa plants were treated with 25% (PT2T and PT4T) and 75% (PT2 and PT4) relative soil water contents for 0, 6, 9, and 12 days (wilting state). We decided to use diploid and tetraploid P. tomentosa treated for 0 and 12 days with 25% relative soil water content for the further analysis based on previously reported physiological measurements and morphologic observations, which indicated that 25% relative soil water content for 12 days was close to the threshold tolerance of P. tomentosa . The second fully expanded leaves were picked from the control (PT2 and PT4) and drought-treated plants (PT2T and PT4T), immediately frozen in liquid nitrogen, and stored at − 80°C for the further study.
To decrease the effect of individual differences, leaves from five seedlings were mixed as one replicate, with three replicates per time point. The samples taken at 0 and 12 days were used for sequencing, and the samples taken at 0, 6, 9, and 12 days were used for qRT-PCR analysis.
RNA extraction and transcriptome sequencing
Total RNA was extracted from the PT2, PT2T, PT4, and PT4T leaf samples using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA purification was performed using an RNeasy MinElute Cleanup Kit (Qiagen, Dusseldorf, Germany) according to the manufacturer's protocol. Contaminating genomic DNA was removed by DNase I (TaKaRa, Dalian, China) treatment. The quality of the RNAs was checked by a NanoDrop 2000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The libraries were prepared for RNA sequencing (RNASeq) according to the Illumina kit (Illumina, San Diego, CA, USA) instructions. First-and second-strand cDNA was synthesized as described previously (Fan et al. 2016b ). Then, adaptors were connected to the short cDNA fragments. After agarose gel electrophoresis, suitable fragments were selected as templates for the PCR amplification. The quantity and quality of the amplified products were determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and ABI StepOnePlus Real-Time PCR System (ABI, New York, NY, USA). Finally, the four libraries were sequenced on an Illumina HiSeq™ 2000 platform (Illumina, San Diego, CA, USA).
The generated raw reads were trimmed of adapters, and reads with more than 10% unknown bases and lowquality reads were removed using the SOAPnuke program. The remaining clean reads were aligned to the P. fortunei genome and genes using BWA and Bowtie software, respectively.
Gene expression levels were quantified using the RNA-Seq by Expectation Maximization (RSEM) software package. The FPKM method was used to calculate the expression of genes (Mortazavi et al. 2008) , and the Audic and Claverie algorithm (Audic and Claverie 1997) was used to identify genes that were differentially expressed between two libraries. The threshold p value in multiple tests was determined using a false discovery rate (FDR) method (Broberg 2005) . FDR < 0.001 and absolute value of log2 ratio > 1 were used as the threshold to consider differences in gene expression significant. NCBI's Nr database and gene ontology (GO) and KEGG pathway analyses were used to determine the functions of differentially expressed genes. Transcriptome data from this article have been deposited in the NIH Short Read Archive database (http://www.ncbi.nlm.nih.gov/sra) under Accession No. SRP031515.
Small RNA library construction and sequencing
Equal amounts of the RNA samples that were used for transcriptome sequencing were pooled to generate four sRNA libraries (PT2, PT2T, PT4, and PT4T). The sRNA libraries were prepared using a TruSeq™ Small RNA Sample Preparation Kit (Illumina, San Diego, CA, USA) following the manufacturer's instructions. After isolation and ligation, the sRNAs were reversetranscribed to cDNAs, purified by polyacrylamide gel electrophoresis, and used for PCR amplification. The purified cDNAs were dissolved in EB solution and sequenced on an Illumina HiSeq™ 2000 platform at BGI.
Identification of known and novel miRNAs
The obtained raw sRNA reads were filtered by removing lowquality reads, reads with ambiguous BN^bases, 5′ primer contaminants, reads without the insert fragments, reads without 3′ primer, reads with poly A, and reads shorter than 18 nt.
The sRNAs that were 18-30 nt in length were mapped to the P. fortunei genome sequence using SOAP allowing no more than two mismatches. Repeat sRNAs, rRNAs, scRNAs, snoRNAs, snRNAs, and tRNAs were removed from the clean read sequences via BLASTN searches against the GenBank (ftp://ftp.ncbi.nlm.nih.gov/genbank/) and Rfam databases (http://rfam.janelia.org/, version 11.0). The remaining unannotated sRNAs were subjected to a BLASTN search against miRBase 21.0 (http://www.mirbase. org/ftp.shtml) with up to two mismatches. The sRNAs that matched sequences in miRBase were identified as known miRNAs. The remaining unknown sRNAs were analyzed using MIREAP (https://sourceforge.net/projects/mireap/) and RNAfold (https://rna.tbi.univie.ac.at/cgi-bin/RNAfole.cgi) to predict novel miRNAs, based on the hairpin structure of miRNA precursors. The basic criteria used to identify novel miRNAs were as previously described (Meyers et al. 2008 ).
Degradome sequencing, target identification, and analysis
Four degradome libraries were constructed from the PT2, PT4, PT2T, and PT4T seedlings to predict the potential target mRNAs following a previously described method (AddoQuaye et al. 2008; German et al. 2008) . First-strand cDNA was generated from the ligated sequence after reverse transcription using oligo (dT). The DNA products produced by PCR amplification were purified and digested with MmeI (New England Biolabs (NEB), Ipswich, MA, USA). Following ligation using T4 DNA ligase and amplification, the cDNA libraries were sequenced on an Illumina HiSeq™ 2000 platform.
The degradome reads were mapped to the P. fortunei genome using SOAP software. The candidate miRNA targets were categorized as 0, 1, 2, 3, and 4 as described previously (Yang and Chen 2013) . T-plots were built according to the distribution of signatures and abundances along the transcripts to allow for the high-efficiency analysis of the potential targets. Finally, all the identified target genes were subjected to NCBI searches using BLASTX (http://blast.ncbi.nlm.nih.gov/ Blast.cgi) with an E value ≤ 10 −5 , and GO and KEGG pathway analyses were performed to functionally annotate the genes. The small RNA and degradome sequencing raw data from this article have been deposited in the NIH Short Read Archive database (http://www.ncbi.nlm.nih.gov/sra) under Nos. SRP116066 and SRP116267.
Quantitative RT-PCR
To validate the high-throughput sequencing results, qRTPCRs of potential genes, miRNAs, and their corresponding target genes were performed on a CFX96 Real-time PCR system (Bio-Rad, Hercules, CA, USA). The RNA samples from the leaves of the PT2, PT4, PT2T, and PT4T seedlings at four developmental stages under drought stress (0, 6, 9, and 12 days) were used for the qRT-PCR analysis. The RNA samples used for qRT-PCR were the same as those used for the experiments described above. The reverse transcription reactions for cDNA and miRNA were carried out using a C1000 Touch™ Thermal Cycler (Bio-Rad, Hercules, CA, USA) and All-in-One™ miRNA qRT-PCR Detection Kit (Cat. No. AOMD-Q050, GeneCopoeia Company), respectively. The primers for the selected genes were designed by Beacon Designer software (version 7.7, Premier Biosoft International, Ltd., Palo Alto, CA, USA), and the specific stem-loop primers for the miRNAs were designed as reported previously (Chen et al. 2005) . The primers used for the genes and miRNAs are listed in Table 1 . The qRT-PCR reactions for genes and miRNAs were performed in SsoAdvanced™ SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA) and All-in-One™ qPCR Mix (Cat. No. AOPR-0200, GeneCopoeia, Company), respectively. The PCR conditions were according to a previous study (Fan et al. 2016a ). Each PCR reaction was repeated in triplicate independently. The Paulownia 18S rRNA was used as the endogenous reference gene, and U6 snRNA was chosen as the miRNA endogenous reference.
Results
Transcriptome sequencing in P. tomentosa under drought stress Table 2 . The results indicate that the matching rate of PT2T and PT4T was lower than the matching rate of PT2 and PT4. The possible reason why some reads did not match sequences in the P. fortunei genome is that P. tomentosa and P. fortunei are different species that will have unique species-specific gene sequences, which highlight the differences between the species. The correlation coefficients of the expression of the raw data used in this study were shown in Fig. S1 . Both duplicates diploid and tetraploid showed linear correlations with their corresponding ones. The Pearson r 2 values of the diploids and the tetraploids were 0.871 and 0.874, respectively.
Gene response to drought stress in P. tomentosa
To identify transcriptional changes in seedlings under drought stress, we identified differentially expressed genes (DEGs) in four comparisons: two of drought-stressed vs. control and two of tetraploid vs. diploid. Among the 22,904 identified DEGs, 6863 were detected in PT2T vs. PT2, 5030 were detected in PT4 vs. PT2, 5581 were detected in PT4T vs. PT2T, and 5430 were detected in PT4T vs. PT4 (Fig. 1a and Table S2 ). Cluster analysis of the DEGs revealed 493 common DEGs and 11,474 union DEGs in the four comparisons ( Fig. S2 and Table S3 ). The results indicated that drought stress and ploidy may be effective factors in differential gene expression in P. tomentosa.
To further explore more information, we classified the DEGs according to their expression patterns in eight comparisons. For comparison A (co-up-regulated in PT4T vs. PT4 and PT2T vs. PT2), we detected 1446 DEGs, which may be related to the response of P. tomentosa to drought stress. For comparison B (up-regulated in PT4T vs. PT4 but downregulated in PT2T vs. PT2), 37 DEGs were detected. For comparison C (co-down-regulated in PT4T vs. PT4 and PT2T vs. PT2), 1765 DEGs were found. For comparison D (down-regulated in PT4T vs. PT4 but up-regulated in PT2T vs. PT2), we detected 51 DEGs. Details of comparisons A, B, C, and D are listed in Fig. 1b and Table S4 . For comparison E (co-up-regulated in PT4 vs. PT2 and PT4T vs. PT2T), 1244 DEGs were detected. For comparison F (down-regulated in PT4 vs. PT2 but up-regulated in PT4T vs. PT2T), 80 DEGs were found. For comparison G (co-down-regulated in PT4 vs. PT2 and PT4T vs. PT2T), we detected 1361 DEGs. For comparison H (up-regulated in PT4 vs. PT2 but down-regulated in PT4T vs. PT2T), 87 DEGs were detected. Details of comparisons E, F, G, and H are listed in Fig. 1b and Table S5 .
To identify the functions of the DEGs detected in the eight comparisons, we aligned them against the GO and KEGG Drought stress induces genome-wide alternative splicing in P. tomentosa
Alternative splicing (AS) is involved in a multitude of physiological processes, including responses to abiotic and biotic stresses (Barbazuk et al. 2008) . Four main types of AS have been described: intron retention (IR), exon skipping (ES), alternative 5′ splicing site (A5SS), and 3′ splicing site (A3SS) (Reddy 2007) . In general, we identified 136,824 AS events in 69,449 genes, with an average of 1.97 AS events per gene (Table 3) . Among them, IR (77,287) was the most abundant AS event, followed by A3SS (31,201), A5SS (17,984), and ES (10,352). This result is consistent with previous findings that IR was the major AS event in Arabidopsis (Marquez et al. 2012 ) and cotton genomes . Moreover, more novel AS isoforms were generated in PT2T and PT4T compared with PT2 and PT4, except ES events, which were more in PT2 (Table 3) .
MiRNA sequencing data mapping and annotation
Four small RNA libraries (PT2, PT2T, PT4, and PT4T) were constructed and a total of 61,006,152 raw reads were obtained. After initial processing, 60,022,027 clean reads remained in the four libraries (Table 4) . Most of the clean reads were between 18 and 30 nt in length, and the 24-nt sRNAs were the most abundant, followed by the 21-nt sRNAs. The numbers of 21-nt and 24-nt sRNAs increased after drought stress (Fig. 2) . The clean and unique sRNA reads were mapped to the P. fortunei genome sequence. All the mapped reads were classified and annotated as miRNAs, rRNAs, tRNAs, snRNAs, or snoRNAs by searching against the Rfam, NCBI GenBank, and miRbase 21.0 databases. The numbers of unique and total sequences that mapped to the reference genome were 325,797 and 7,008,834 (PT2), 1,688,223 and 10,613,462 (PT2T), 1,239,864 and 9,852,011 (PT4), and 1,268,945 and 9,301,681 (PT4T) ( Table 5 ). The remaining unannotated sRNA accounted for most of the total reads in the four libraries. A total of 17,680 (0.44%), 27,922 (0.62%), 22,215 (0.59%), and 19,908 (0.50%) unique miRNAs were obtained from the PT2, PT2T, PT4, and PT4T libraries, respectively. The counts of sRNAs in the PT2 and PT4 libraries were very similar, implying that chromosome doubling had little impact on the classification of P. tomentosa sRNAs.
Sequencing and identification of known and novel miRNAs in P. tomentosa
To identify conserved P. tomentosa miRNAs, unique reads from the four small RNA libraries were mapped to the mature miRNA sequences in miRbase 21.0 (up to two mismatches). A total of 228 annotated conserved miRNAs belonging to 44 families were identified: 181 from PT2T, 164 from PT2, 173 from PT4T, and 184 from PT4 (Table S7a) . We found that 33 of the 44 miRNA families were represented by from 2 to 31 members ( Fig. S7 ): MIR169 (31 members), MIR171 (22 members), MIR395 (13 members), MIR166 (13 members), MIR164 (11 members), and 28 families contained from two to nine miRNAs. The remaining 11 families (other families) were represented by a single miRNA. Among the 228 conserved miRNAs, 162 (71%) were 21-nt long. We also identified 842 novel P. tomentosa miRNAs: 331 in PT2T, 334 in PT2, 287 in PT4T, and 313 in PT4 (Table S7b) . Analysis of nucleotide bias at each position of the novel miRNA sequences showed that the first nucleotide tended to be uracil (Fig. S8) , which is consistent with previous observations that uracil is conserved at this position across many species (Mi et al. 2008) . The length distribution of the novel miRNAs was from 20 to 25 nt, with a peak at 23 nt. The minimum free energy of the pre-miRNA hairpin structures was from − 156.3 to − 18 kcal/mol.
Drought-responsive miRNAs in P. tomentosa
We selected miRNAs with normal expression abundance, |fold change| ≥ 1.0, and p value < 0.05, for further analysis. A total of 1070 differentially expressed miRNAs (228 conserved and 842 novel) were identified in four comparisons ( Fig. S9 and Table S8 ). Among them, 538 miRNAs were from PT4T vs. PT2T, 422 were from PT4T vs. PT4, 554 were from the PT4T vs. PT2T, and 559 were from PT4T vs. PT2T (Fig. 3) . Most members of the same miRNA family had similar differential expression profiles. More novel miRNAs than conserved miRNAs were detected in the four comparisons. The largest number of both conserved and novel miRNAs was in PT4 vs. PT2, and the smallest number was in PT4T vs. PT4.
One conserved miRNA (pt-mir157i) was consistently upregulated (1.16-to 2.20-fold change) in PT4T vs. PT4 and PT2T vs. PT2. We detected 12 novel miRNAs that were differentially expressed between PT4T vs. PT4 and PT2T vs. PT2, including seven co-down-regulated miRNAs (ptmir496, pt-mir124, pt-mir487, pt-mir108b, pt-mir108c, ptmir32a, and pt-mir32b), two co-up-regulated miRNAs (ptmir661b and pt-mir514), and three miRNAs that showed reverse expression trends (pt-mir232, pt-mir545, and pt-mir94) (Table S7 ). We identified a further 16 novel miRNAs that were differentially expressed between PT4T vs. PT2T and PT4 vs. PT2, including seven co-down-regulated (pt-mir280a, pt-mir280b, pt-mir404a, pt-mir404b, pt-mir627, pt-mir32a, and pt-mir32b), five co-up-regulated (pt-mir445, pt-mir147, pt-mir522, pt-mir424, and pt-mir364), and four with reverse expression trends (pt-mir232, pt-mir661b, pt-mir545, and ptmir94) (Table S7 ).
Identification of miRNA targets by degradome sequencing in P. tomentosa
We employed degradome sequencing to identify miRNA targets. After sequencing, a total of 76,194,642 raw tags and 75,918,980 clean tags were obtained in the four libraries (Table S9a ). The clean reads were aligned to the P. fortunei genome using BLAST, and 14, 149, 442, 16, 971, 601, 13, 525, 494, and 13, 991, 804 reads, accounting for 79.4, 76.86, 77.18, and 75 .66% of the total reads, in the PT2, PT4, PT2T, and PT4T libraries, respectively, were mapped (Table S9b ). We identified candidate target genes using the Cleaveland 3.0 pipeline (Addoquaye et al. 2009 ). The cleaved target transcripts were classified under five categories (0, 1, 2, 3, and 4) based on the signature abundance at each occupied transcript position on the reference genome (Xu et al. 2013; . In categories 0, 1, 2, 3, and 4, we identified 11, 0, 6, 1, and 5 targets from the PT2, 11, 0, 7, 3, and 2 from the PT2T, 10, 0, 7, 2, and 4 from the PT4, and 11, 0, 6, 0, and 6 from the PT4T degradome libraries, respectively (Table S9c) . Among these target genes, those under category 0 were evaluated as the most significant. The predictions indicated that 70 and 128 target genes may be cleaved by 38 conserved and 91 novel miRNAs, respectively. The predicted target genes were aligned to the Nr, GO, and KEGG databases using BLAST searches. The results revealed that the potential target genes participated in various biological processes and included genes that encode transcription factor bHLH143, ubiquitin-conjugating enzyme E2 28, transcription factor GTE8, serine/threonine-protein kinase CTR1, momilactone A synthase, polyphenol oxidase, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, B3 domain-containing protein At2g36080, translation initiation factor 4A, peptidyl-prolyl cis-trans isomerase A, protein transparent testa 12, transcription termination factor (mitochondrial), protein phosphatase 2C 55, solute carrier family 25, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, and 60S ribosomal protein L11, all of which are related to drought stress or ploidy.
QRT-PCR analysis
To confirm the reliability of sequencing technology, eight DEGs and eight miRNAs (selected from Table S9c ) of different drought stress stages (0, 6, 9, and 12 days) were selected for qRT-PCR analysis (Fig. 4) . In general, these results indicated the same trend with the RNA-Seq. Furthermore, among these DEGs and miRNAs (Fig. 5) , two miRNA-target pairs (pt-mir32a/PAU007626.1 and pt-mir470/PAU005826.1) exhibited a negative relationship at the expression level, two other miRNA-target pairs (pt-mir167e/PAU008827.2 and ptmir157i/PAU012423.2) presented a similar trend at the expression level, and the last two miRNA-target pairs (ptmir280a/PAU008403.1 and pt-mir111/PAU023408.1) showed the mixed correlation. The same results had been reported in cotton (Wei et al. 2013) and Phalaenopsis aphrodite (An and Chan 2012) . Meanwhile, these results implied that the expression patterns between miRNA and the target genes were very complex.
Discussion
In our previous studies, two of them were about the diploid and autotetraploid P. tomentosa under drought stress, including transcriptome , and miRNAs were conducted, which suggested that the wilting state of leaves was one of the most obvious and direct morphological indications of the drought stress. In this study, a more comprehensive resource for transcriptome, miRNA, and degradome analysis of drought-responsive mechanisms of diploid and autotetraploid P. tomentosa was further analyzed. The expressions of mRNA and miRNAs are tissue-specific under drought stress (Reinhart et al. 2002) , and the use of other plant tissues may alter the results. The availability of genome sequences makes it is easier to study non-model plants. Based on the Paulownia reference genome, key genes, miRNAs, and their target genes can be more accurately compared with the transcriptome background. In this study, we identified 22,904 DEGs, 1070 miRNAs, and 187 target genes from the diploid and autotetraploid P. tomentosa seedlings under drought stress. Among the 1070 miRNAs, 228 were known miRNAs and 842 were novel miRNAs. Additionally, the sRNA length distribution patterns peaked at 24 nt (Fig. 2) , which is in accordance with previous results for most angiosperms, such as soybean (Song et al. 2011) , P. fortunei , Paulownia australis (Niu et al. 2014) , and Medicago truncatula (Szittya et al. 2008) . By comparing these data with the reference genome, we enlarged the key gene scope over our previous studies Dong et al. 2014 ) based on the transcriptome Fig. 3 The number of differentially expressed miRNAs under drought stress compared with the control in Paulownia tomentosa Fig. 4 a Relative expression levels of candidate drought response genes in two P. tomentosa genotypes. 18S rRNA was used as the endogenous reference gene. Standard error of the mean for three replicates is represented by the error bars. PT2, PT2T-6d, 6, 9 , and 12 days drought-treated diploid, respectively); PT4, 6, 9 , and 12 days drought-treated autotetraploid, respectively). b Relative expression levels of drought response miRNAs in two P. tomentosa genotypes. U6 snRNA was used as the endogenous reference gene. Standard error of the mean for three replicates is represented by the error bars. PT2, PT2T-6d, 6, 9 , and 12 days drought-treated diploid, respectively); PT4, PT4T-6d, 6, 9, respectively) background, as well as improved the ability to explore important questions, such as hypotheses involved in wood development, nutrient and water movement, crown development, and disease and stress resistance in perennial plants (Almssallem et al. 2013) . The availability of the Populus genome sequence showed that comparative genomics studies among species would accelerate as well as shed valuable insight into genome reorganization and gene family evolution (Tuskan et al. 2006) .
Based on the GO and KEGG analyses, the functional and pathway assignments of the DEGs, differentially expressed miRNAs, and the miRNA targets showed that some metabolic, physiological, and hormonal responses were involved in drought stress in P. tomentosa, including diterpenoid biosynthesis, plant hormone signal transduction, tyrosine metabolism, ubiquitin mediated proteolysis, and abscisic acid (ABA) transporters.
Alternative splicing and drought stress in P. tomentosa Transcriptome-wide analyses of AS by RNA-Seq have disclosed that AS is ubiquitous in plants. MiRNA genes can be classified as intronic or intergenic. Intronic miRNA genes are located within intronic regions and are derived from the introns of their host genes, whereas intergenic miRNA genes are located in noncoding regions between genes and are transcribed by their own promoters (Brown et al. 2008; Shomron and Levy 2009) . In some special environments, AS can determine whether a miRNA comes from an intronic or intergenic gene, as was found for some human miRNAs (Ruby et al. 2007 ). In addition, miRNAs and splicing, and in particular AS, have been reported to have important roles in development and stress responses in plants (Filichkin et al. 2010) . AS of plant miRNA primary transcripts, including miR162a (Hirsch et al. 2006) , miR163 (Kurihara and Watanabe 2004) , and miR172b (Aukerman and Sakai 2003) , has been reported previously. Transcripts from the host gene that contained miR162a displayed at least six different AS variants (Brown et al. 2008) . In this study, the target gene of pt-miR157i contained two AS types, IR from PT4, and A3SS from PT4T. AS was shown to act as a regulatory mechanism linking miRNAs and heat stress in Arabidopsis thaliana (Yan et al. 2012) . However, whether AS acts as a regulatory mechanism linking miRNA and drought stress in P. tomentosa needs further investigation.
Momilactone A synthase and drought stress in P. tomentosa
MiRNAs are conserved in individual plant species, their target genes may not be (Lu et al. 2005) . For example, the target Fig. 5 Relative expression of the target genes of six P. tomentosa miRNAs by qRT-PCR assay. PT2, well-watered diploid; PT2T-12d, 12 days droughttreated diploid; PT4, well-watered autotetraploid; PT4T-12d, 12 days drought-treated autotetraploid gene of miR157 was annotated as SBP family of transcription factors in peach (Prunus persica) (Eldem et al. 2012) , while in this study, its target gene was annotated as momilactone A synthase. Therefore, the targets of miRNAs need to be identified across different plant species.
Pt-miR157i was up-regulated in both PT4T vs. PT4 and PT2T vs. PT2, and its target gene, momilactone A synthase, was also up-regulated. Its pathway is diterpenoid biosynthesis (ko00904). The expression of pt-miR157i has been found to be altered in P. tomentosa during drought stress. The last step of momilactone A (MA) biosynthesis involves momilactone A synthase, which acts as a dehydrogenase to catalyze the conversion of 3β-hydroxy-9β-pimara-7, 15-dien-19, 6β-olide to MA using NAD + or NADP + as a hydrogen acceptor (Atawong et al. 2002) . MA was first discovered from rice husks as a plant growth inhibitor (Kato et al. 1973) and later isolated as an inducible antibiotic (Vanetten et al. 1994) . MA is a phytoalexin and its function has been studied extensively. The evidence suggests that MA plays a part in rice defense against fungal pathogens (Hasegawa et al. 2010) . Extensive field (Ill Min Chung and Seunghyun Kim 2006) and laboratory (Katonoguchi et al. 2008; Toyomasu et al. 2008 ) trials have been conducted to verify the roles of MA in weed resistance. A recent study showed that both drought and salinity tolerance had much stronger correlation coefficients with MA than weed resistance, indicating that allelopathic MA was associated with drought and salinity tolerance in rice, but not weed resistance (Xuan et al. 2016 ).
14-3-3 protein and drought stress in P. tomentosa ABA plays a vital role in various stress responses and the accumulation of endogenous ABA is known to be related to drought tolerance (Wasilewska et al. 2008; Zeevaart and Creelman 2003) . Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein (14-3-3 protein), which acts mainly as a homodimer or heterodimer, has been found in all eukaryotic organisms and has a highly conserved sequence. 14-3-3 proteins are involved in many metabolic and signaling pathways for plant growth regulation and responses to biotic and abiotic stresses. A previous study reported that transgenic cotton plants with constitutive expression of Arabidopsis GF14λ showed enhanced tolerance to drought stress, probably through the regulation of the stomatal aperture by a complex of 14-3-3 proteins and H + -ATPase (Yan et al. 2004) . In this study, 14-3-3 proteins were up-regulated in PT4 vs. PT2. This result indicated that the tetraploid P. tomentosa had superior resistance to drought stress compared with its diploid progenitor. 14-3-3 proteins may also act by interacting with components of hormone signaling pathways such as ABA, brassinosteroid, gibberellin, and ethylene. The ABA signaling pathway is a major pathway that is activated by stresses such as temperature, salt, and drought stress.
Interestingly, 14-3-3 proteins interact with some of the transcription factors involved in ABA signal transduction. Indeed, in a yeast two-hybrid study, VP1 was shown to interact with 14-3-3 proteins, and it has been suggested that 14-3-3 proteins may act as adaptors between AREB/ABF/ABI5 family members and VP1 (Himmelbach et al. 2003; Schultz et al. 1998 ).
Serine/threonine-protein kinase CTR1 and drought stress in P. tomentosa
Ethylene is a phytohormone that signals adverse environments. Adverse conditions cause rapid increases in the activity of 1-aminocyclopropane-1-carboxylic acid synthase, a ratelimiting step in ethylene production. Many members of the ethylene signaling pathway also play important regulatory roles in the ethylene-mediated stress response. For example, mutation of the EAR motif of rice ethylene-responsive element-binding factor OsERF3 alters the regulation of ethylene biosynthesis and drought tolerance (Zhang et al. 2013a ). Ptmir32a and pt-mir32b were down-regulated in PT4T vs. PT4, PT2T vs. PT2, PT4T vs. PT2T, and PT4 vs. PT2, whereas their target gene, serine/threonine-protein kinase CTR1, was up-regulated. CTR1 encodes a Raf-like serine/threonineprotein kinase, which acts downstream from the ethylene receptor and is a negative regulator of the ethylene response pathway (Clark et al. 1998 ).
Polyphenol oxidase and drought stress in P. tomentosa Under drought stress, plants often generate ROS, which generally cause membrane lipid peroxidation and generate highly cytotoxic products of oxidative DNA damage (Marrs 1996) . Therefore, ROS homeostasis is important to protect normal metabolism in plants. Plants can regulate ROS levels through ROS scavenging enzymes, such as PPO, SOD, CAT, POD, APX, and GR (Prochazkova et al. 2001) . As expected, genes encoding PPO were detected in our data. Pt-mir545 was upregulated in PT2T vs. PT2 and PT4 vs. PT2, and its target gene, PPO, was down-regulated. PPO is a rhizosphere enzyme that promotes the utilization of root nutrients and is also an antioxidant enzyme that plays a vital role in maintaining the homeostasis of the intracellular oxidoreductive environment (Chao et al. 2016) . Water deficit usually leads to oxidative stress caused by ROS. PPO, a scavenger of ROS, is directly involved in stress protection (Muthukumarasamy et al. 2000) and regulation of stomatal responses through ABA mobilization (Maggio et al. 2002) . Some studies have indicated that high PPO levels were not necessarily related to ABA concentrations, implying that PPOs may belong to different signal transduction pathways (Biehler and Fock 1996) . Accumulating studies suggest that PPOs are involved in plant response to biotic and abiotic stresses (Mayer 2006) . Increased PPO activity was found to enhance the drought response in tomato (Lycopersicon esculentum Mill.) (Mohamadi and Rajaei 2013) .
Several miRNAs and their target genes involved in cross-talk between abiotic stresses
Generally, stresses do not occur in isolation and many stresses can interact with each other. To respond to stress signals involved in cross-talk, different signaling pathways have been developed to combat and tolerate them. These pathways act together to mitigate stress (Mahajan and Tuteja 2005) . Each stress is a multigenic trait and their manipulation may lead to alterations of many genes and their products. In this study, we focused on several miRNAs and their target genes. AS can enhance transcriptome plasticity and proteome diversity and is involved in many physiological processes, including the response to biotic and abiotic stresses (Barbazuk et al. 2008) . Novel AS isoforms have been found to be generated in plants under salt stress conditions . In this study, we detected a larger number of AS isoforms (IR, A5SS, and A3SS) in the seedlings under drought stress. As mentioned above, momilactone A synthase is involved in fungal pathogens, weed resistance, drought, and salinity tolerance. 14-3-3 proteins and serine/threonine-protein kinase CTR1 may act by interacting with components of hormone signaling pathways and may be involved in many metabolic and signaling pathways for plant growth regulation and responses to environmental stresses. Various abiotic stresses such as drought, salt, heat, and cold stresses destroy the metabolic balance of cells, leading to the overproduction of ROS in plants, and PPO, one of the ROS scavengers, is also involved in a variety of stresses.
Conclusions
In this study, we report an integrated analysis of the transcriptome, small RNAs, and degradome of P. tomentosa to generate a comprehensive resource focused on identifying key regulatory miRNA-target pairs in plants under drought stress. A total of 22,904 DEGs and 2073 differentially expressed miRNAs were identified, and some of the significantly differentially expressed miRNAs were identified as drought-responsive or drought-tolerant. The target genes for the drought-responsive miRNAs were found to function in plant hormone signal transduction, response to drought stress, and secondary metabolite pathways. This study will enhance the understanding of molecular mechanisms underlying the drought response of P. tomentosa.
